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A quantitative study of the chemically induced dynamic electron polarization (CIDEP) 
spectra of acetone and deuterated acetone ketyl radicals in i-propanol over a wide temperature 
range has been done to understand the properties of the radical pairs in solution, e.g., the 
interactions between the radicals, the diffusional and rotational motions of the radicals of the 
geminate radical pairs, and the microscopic solvent structure. The spin polarization of the 
separated radical is analyzed in terms ofthe stochastic-Liouville equation. It is shown that the 
observed polarization cannot be explained on the basis ofthe normal diffusion of the radicals in 
the pair. The modified diffusion models which presuppose slow diffusion of the radicals in a 
microscopic solvent structure can account for the observed polarization. The radical pair 
electron paramagnetic resonance (EPR) spectra observed at very low temperatures 
( < - - 70 ·C) are explained by assuming that a considerable fraction of the radicals are held 
together in solvent structures whose lifetimes are a few microseconds. From the comparison 
with other alcohol and amine systems, we conclude that the observation of the radical pair 
EPR spectra is characteristic of alcohol solutions at very low temperatures. 
I. INTRODUCTION 
Revealing the properties of radical pairs and the "cage 
effects" on a molecular level is essential for understanding 
microscopic details of chemical reactions in solution. The 
concepts of the radical pair and the cage effect were first 
introduced by Franck and Rabinowitch in the 1930s, 1 and 
extensive studies were made by Noyes et al. in the 1950's2 
concerning the recombination reaction of photodissociated 
12, Significant advancements have been made more recently 
in radical pair study by the application of a variety of modern 
techniques such as nanosecond3 and picosecond4•5 spectros-
copies, chemically induced dynamic electron and nuclear 
polarizations (CIDEP and CIDNP),6.7 reaction yield de-
tected magnetic resonance,6.7(C1.8 product yield detected 
electron spin resonance (ESR),9 optically detected 
ESR,6,7(C),IO.11 and magnetic field effects on absorptions and 
emissions of transient species.6 •12 For instance, picosecond 
studies have elucidated the kinetics of the recombination 
process of the iodine atoms as well as the relaxation pro-
cesses of vibrationally excited 12, The magnetic resonance 
and magnetic field effect studies have shown the existence of 
the radical pair in which radicals' spin states are correlated. 
Despite these studies there is more to be understood 
about the microscopic behavior of the radical pair in a sol-
vent cage, i.e., motions and interactions of the radicals com-
prising the pair. Very recently, Levin et al. studied the ge-
minate recombination kinetics of the radical pair generated 
by the photoreduction of benzophenone in glycerol by the 
laser flash technique. 13 They found that the coefficient of the 
mutual diffusion of the radicals in the geminate pair is much 
smaller than the sum of the macroscopic diffusion constants 
of the individual species, As for the exchange interaction 
between radicals, an exponentially decaying form was pre-
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dicted for neutral radicals, 14 but there are very few examples 
of attempts to examine the validity of this prediction for the 
radical pair in solution, except for a study on the simulation 
of the CIDNP intensities for biradicals. 15 
Recently, direct observations ofthe electron paramag-
netic resonance (EPR) spectra of the geminate radical pairs 
in micelles 16 and in solutions l7- 19 and biradicals20 have been 
made by the time-resolved EPR technique (TREPR). The 
observations seem to indicate a possibility to obtain detailed 
information about the geminate radical pairs using the 
TREPR technique. The geminate radical pairs and biradi-
cals provide characteristic EPR spectra with individual lines 
exhibiting both microwave emissive and absorptive compo-
nents. These are in a sharp contrast to the spectrum of a spin-
polarized (CIDEP) separated radical which gives rise to 
each hyperfine line in either an absorption or an emission. 
We have studied in detail the CIDEP spectra of both the 
separated acetone ketyl radical and its radical pair which are 
produced by the photoreduction of acetone in i-propanol, 
(CH3 hCO+ (CH3 hCHOH-2(CH3 hCOH. (1) 
This system is particularly suitable for a detailed study be-
cause the spectrum is very simple with a high SIN ratio. We 
clarified the CIDEP mechanisms operative at various tem-
peratures and found that the radical pair spectrum was 
superimposed on that of the separated radical at very low 
temperatures. IS The fact that the radical pair spectra can be 
observed in a homogeneous solution is rather remarkable 
and suggests that the molecular motion of the radical pair 
may not be described by a macroscopic diffusion process. 16 
Thus, it was thought that a more quantitative analysis of the 
CIDEP spectra of acetone would provide detailed informa-
tion about the properties of the radical pair. 
The main objective of the present work is the following: 
First, since the anomalous polarization of the separated radi-
cals (CIDEP) is developed when they are in the pair config-
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uration, we try to get information about the exchange inter-
action between the radicals in the pair and the diffusional 
motions of the radicals by analyzing the temperature depen-
dence of the polarization of the separated radicals in terms of 
the stochastic-Liouville equation.2l ,22 We show that the ob-
served magnitude of the polarization cannot be explained on 
the basis of the normal diffusion process and suggest models 
to explain the observation. Next, we discuss the properties of 
the radical pair revealed by the linewidths and decays of the 
radical pair signals. Then we try to simulate the observed 
radical pair spectra by considering various distributions of 
the radicals of the pair. Finally, from a comparison with 
other systems, it is suggested that alcohols at very low tem-
peratures have rather rigid microscopic structures that can 
hold the radical pair for a relatively long time. 
II. EXPERIMENTAL 
The spectrometer and the experimental procedure of the 
TREPR have been already reported elsewhere. 18 Briefly, the 
excitation light source was a Lumonics EX-400 excimer la-
serwith a XeCI fill (A. = 308 nm and -300 mJ/pulse). The 
CIDEP spectra were taken in the X-band EPR region 
(v-9.25 GHz, H-3300 G). The time resolution of our 
system was about 0.2Jls. Acetone (Wako Chemicals) and i-
propanol (Wako Chemicals) of spectrogrades, deuterated 
acetone (Aldrich), and other chemicals (Wako Chemicals 
and Nacalai Tesque) of the highest grades were used with-
out further purification. The concentrations of the solutions 
were I M. The temperature was controlled by flowing cold 
nitrogen gas with a JEOL VT 3A variable temperature cryo-
system. The calculation was performed at the computer 
centers of Kyoto University and the Institute for Molecular 
Science. 
III. RESULTS AND DISCUSSION 
A. Overview of the temperature dependence of the 
spectrum 
We here briefly summarize the essential features of the 
temperature dependence of the CIDEP spectra of the ace-
tone ketyl radical. 18.19.23 The peaks are denoted by the values 
of M[ (magnetic quantum number of the nuclear state) as 
shown in Fig. 1. In the higher temperature region (20 to 
- 45 and 20 to - 55 ·C for the Hand D radical, respective-
ly),thespectrashowEIA * patterns (EIA +A,EIA, andA 
denote a microwave emission in the low field and an absorp-
tion in the high field and an enhanced absorption, respective-
ly). The CIDEP mechanisms operative are the radical pair 
mechanism (RPM) involving the S-To mixing (S~~) and 
the triplet mechanism (TM), giving E I A and A patterns, 
respectively. Totally symmetric E IA patterns are observed 
in the middle temperature region [in the vicinity of - 45 (H 
radical) and - 55·C (D radical)] and are due to S~~. 
With decreasing temperature [ - 45 to - 90 (H radical) 
and - 55 to - 90 ·C (D radical) ], the spectra show E * I A 
patterns (E I A + E; E denotes a microwave emission). The 
E pattern is the consequence of an increased importance of 
RPM involving the S-T _ I mixing (ST _ 1M) in a highly vis-
cous solution. Figure 1 shows the CIDEP spectra of the ace-
Abs. 
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FIG. I. CIDEP spectra of (a) the acetone ketyl radical in i-propanol at 
- 86 'C and 1.0 fLs and (b) the deuterated acetone ketyl radical in i-pro· 
panol-dH at - 88 'C and 1.8 fLs after the laser excitation. 
tone ketyl radical (H radical) at - 86·C and the corre-
sponding deuterated radical (D radical) at - 88 ·C. To sum 
up, the CIDEP mechanisms dominantly operative in the re-
spective temperature regions are 
P(i) = P ST"M (i) + P TM (i) high temperature, 
P(i) = P ST"M (i) middle temperature, (2) 
P(i) = P ST"M (i) + PST ,M (i) low temperature. 
Here P(i) denotes the observed polarization and PST"M (i), 
P TM (i), and PST ,M (i) denote the polarizations due to 
ST oM, TM, and ST _1M, respectively. i denotes the nuclear 
hyperfine states. 
There are two features that cannot be explained by the 
usual CIDEP mechanisms; an E I A peak at the center of the 
spectrum at about - 45 (H radical) and - 55·C (D radi-
cal), and distortion of each peak below - - 70 (H radical) 
and - - 65·C (D radical). We interpreted them as arising 
from the radical pairs as suggested by Hore et al. 17 The radi-
cal pair gives rise to the spectrum with each peak split into an 
E I A doublet by the exchange interaction. Thus, the observed 
spectra at very low temperatures suggest a coexistence of the 
separated radical and the radical pair. 
Here we summarize a qualitative explanation given by 
Hore et al. 17 and Closs et al. of the radical pair spectrum. The 
To and S states of the radical pair composed of radicals a and 
b mix together via the hyperfine interaction and Zeeman 
energy difference after the radicals have separated enough to 
reduce the exchange interaction to the same order as the 
hyperfine interaction. Then the spin states of the pair are 
described by, 
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10 = T+ I ), 
12) = cos tPIS) + sin tPl To), 
13) = - sin tPIS) + cos tPITo), 
14) = IT_I)' (3) 
where tP= l/2tan- I (QIJ), Q= l/2 (wa -Wb) and Wa 
and Wb are the EPR frequencies in the absence of the ex-
change interaction. Four possible EPR transitions are given 
by 
WI 2 = l/2(wa + Wb) - n -J, 
W34 = l/2(wa + Wb) - n + J, 
Wl3 = l/2(wa + Wb) + n -J, 
W24 = l/2(wa + wb) + n +J, (4) 
with the relative intensities of -112 = 134 = -113 
= 124 = Q2/(l2n2 )(n2 = Q2 + J2). Thus, when Q>J, 
each hyperfine component of the polarized spectrum is given 
by an antiphase (E I A) doublet split by J. It is noted that the 
spectrum can be quite intense compared with a typical CI-
DEP spectrum of the separated radical. Therefore, we may 
observe the spectrum of the radical pair even if the absolute 
amount of the pair is rather small. 
B. Separated radical 
In this section we analyze the polarization of the sepa-
rated radical, i.e., the temperature dependence of the abso-
lute magnitude of the polarization and the relative intensities 
of the hyperfine components, by simulating the data in terms 
of the stochastic-Liouville equation. 
1. Absolute magnitude of the polarization 
The absolute magnitude of the polarization is defined as 
a ratio of P I Peq , where P and P eq denote the initial polariza-
tion due to CIDEP and the spin polarization in thermal equi-
librium, respectively. P IPeq is obtained by simulating the 
time profile of the signal. Figure 2 shows a typical time pro-
file of the - 1 peak of the H radical at 20'C under a low 
microwave power (0.1 mW). The influence ofthe nutation 
was not observed under this condition. 24 In order to estimate 
the absolute magnitude of the polarization, the time profile is 
analyzed in terms of the modified Bloch equation for magne-
tization following the method by Pedersenzs and McLauch-
lan26: 
M(t) = L'M(t) + Feq (t) + hU) M(t), 
n(t) 
where M(t) is the magnetization vector, L is a matrix, 
( 
- l/T2 tl.w 0) 
L = - tl.w - l/T2 WI , 
o -WI -lIT, 
Feq (t) = (~)n(t) P eq • 
1 TI 
(5) 
(6) 
(7) 
n(t) is the radical concentration, and WI' tl.w, T
" 
and Tz 
have their usual meanings.26 The second term in Eq. (5) 
represents time dependence of the equilibrium magnetiza-
o 5 10 IS 20 2S 30 3S I,() 45!Jvs 
FIG. 2. Time evolution of the EPR signal of the - I peak in the CIDEP 
spectrum of the acetone ketyl radical at room temperature. The dashed 
curve is the one simulated by Eq. (10). 
tion. The last term represents the decay of the radical by 
reaction, and a second-order reaction is assumed in this case, 
n(t) =n(O)'{l +kd·n(O)·t}-I. (8) 
Equation (5) was solved analytically under a condition that 
the initial polarization P is dominant. 
M(O) ~ G}(o)p. (9) 
The intensity of the EPR signal is proportional to the y com-
ponent of the magnetization,2s 
My(t) = k·g(t) + ~~ G(t) ]'n(t), (10) 
where 
G(t) = f g(t')dt', 
3 
g(t) = L Ai exp(SJ), 
;=1 
and 
A _ WI(SI + T2 I) 1- , (SI - S2) (S) - S3) 
with A2 and A3 obtained by cyclic permutation of S; which 
are the eigen values of L. The algebraic expressions for S; are 
given in Ref. 26. In order to take into account the rate of the 
hydrogen abstraction, Pis replaced by P(t); 
P(t) = P [1- exp( - kp ·t)], (11) 
where kp is the rate constant of the hydrogen abstraction. A 
typical simulation curve for the - 1 peak is given in Fig. 2 
together with the experimental profile. The parameters used 
are the following: TI = T2 = 2.7 J.Ls, kp = l.0 X 107 S -I, 
kd'n(O) = l.Ox 105 S-I, WI = 0.01 rad S-I, and P( - 1)1 
P eq ( - 1) = 15. The agreement is considered to be reasona-
bly good, thougq a small deviation probably due to the free 
pair appears at t = 10-20 J.Ls. T, and T2 are assumed to be 
equal to each other at all temperatures,27 and the estimated 
values are listed in Table I together with the values of kd 
'n(O) and kp • Using the results of the simulation of the spec-
trum [see Eq. (2)1 PST.,M( -l)IPeq( -1) is easily ob-
tained, and the temperature dependence of the obtained val-
J. Chern. Phys., Vol. 92, No.9, 1 May 1990 
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TABLE I. Parameters obtained from the simulation of the time profile of 
the signal. 
T(°C) T"T2 (/.ts) kp X 1O-6 (s-') kd 'n(O) X 1O- 6 (s-') 
20 2.7 10 1 
0 1.35 10 0.2 
- 22 1.2 3 0.2 
-40 0.7 2 0.05 
- 59 0.75 2 0 
- 80 0.95 1.5 0 
ues is shown in Fig. 3. It is seen that P ST"M ( 1) I Peq (1 ) 
increases drastically with lowering the temperature and has 
a maximum at around - 40 ·C. 
2. Relative intensity of the spectrum 
The relative intensities of the hyperfine peaks of the CI-
DEP spectrum due to ST oM of the separated radical are first 
analyzed for comparison. From the simulation of the spec-
trum we obtained the ratio of the relative intensities between 
the + 1 and + 2 peaks due to the ST oM mechanism. This 
quantity is designated as P I2 = PST"M (1 )IPST"M (2). Figure 
4 shows the temperature dependence of P12• As mentioned in 
the previous paper, 18.28 P 12 does depend on temperature. At 
higher temperature PI2 has a value around 1.40, which is 
expected from the reencounter mechanism. 14 With decreas-
ing temperature, P 12 increases. This is qualitatively ex-
plained by the fact that the polarization due to the first en-
counter of the radicals comprising the pair becomes 
100 
50 
10 
5 
-80 -60 -40 -20 o 
f 
c 
b 
a 
20 floC 
FIG. 3. Temperature dependence of the absolute magnitude of the polariza-
tion due to S7;,M for the H radical. The simulation curves are obtained with 
the following diffusion models and the parameters; (a) J., = 10'" s -, and 
'ex = 4 A, (b) J., = 1013 s' and 'ex = 8 A, and (c) J., = 1015 s-' and 'ex 
= 8 A and the normal diffusion process. (d) J., = 1013 s-' and 'ex = 8 A, 
and model 1 with Dc = Dmaj8 and 'c = 12.4 A. (e) J" = 1013 s-' and 'ex 
= 8 A and model 2 with D" = Dmuc/15, 'h = 1.2 A, D, = Dmac/5, " 
= II A, and 'q = 1.2 A. 
increasingly important in a viscous solution.7 On the other 
hand, P32, P ST"M (3) I P ST"M (2), decreases with decreasing 
temperature. As shown in Fig. 5, the relative intensities of 
the D radical, P ~, P ~ , and P Z show similar temperature 
dependence, though the uncertainties in the experimental 
data are rather large in these cases because the signal intensi-
ty of the D radical is about one-third of that of the H radi-
cal. 19 
3. Stochastic-Liouville equation 
Here we analyze the temperature dependence of 
PST"M (1 )IPeq ( - I) andP'2 in terms of the stochastic-Liou-
ville equation. We first outline the theory and the method of 
the calculation originally proposed by Pedersen and 
Freed. 2 1.22 
The starting point is to use the stochastic-Liouville 
equation to describe the spin dynamics of a pair composed of 
radicals a and b under a combined effect of the spin interac-
tion and relative diffusion; 
ap(r,t) = _ i[ ~(r),p(r,t)] + DrrP(r,t) , (12) 
at 
wherep(r,t) is the density matrix of the radical pair at time t 
and a radical separation r. The spin Hamiltonian is given by, 
~(r) = (3(gaSa + gbSb )Ho + L AanIanSa 
n 
m 
where the symbols have usual meanings. 2 1.22 J(r) is the ex-
change interaction between the two radicals and is assumed 
to be dependent only on the magnitude of r, r. As defined, 
2 J(r) = Esinglet - Etriplet. We employ a usual form of an 
exponentially decaying exchange interaction, 
J(r) =Joexp[ -A.(r-d)]. (14) 
Pedersen and Freed defined a quantity of rex = A. -I. 5 'In 10 
giving a range over which J(r) decays to 10-5 of its initial 
value. 21 •22 
Dr r is a diffusion operator, and we assume a simple 
Brownian motion and an isotropic diffusion. D is a mutual 
diffusion coefficient, which is equal to the sum of the diffu-
sion coefficients of the two identical radicals. r r is expressed 
as 
The Laplace transform of Eq. (12) is 
sp(r,s) =po(r) - i[~(r),p(r,s)] 
+ D'(;;) p(r,s), 
where 
p(r,s) = loo e-st'rp(r,t)'dt 
(15) 
(16) 
(17) 
and Po (r) = rp (r,O) describes an initial condition. d is the 
distance of the closest approach, and is assumed to be equal 
to a hydrodynamic diameter of the molecule. 
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SA. 101 15-1 
4A. 1013S-1 
-80 -70 -60 -50 -40 -30 -20 -10 o 10 20 
FIG. 4. Temperature dependence of the relative intensity for the H radical P,2' The simulated curves are obtained using the parameters indicated in the figure 
and the normal diffusion process. 
The time-dependent polarization of radical a, Pa (t), is 
given by 
and 
Pa (t) = - 2'Tr{f" rp(r,t)dr Saz} , (18) 
0.7 
0.6 
P32 
0.8 
0.7 
0.6 
0.3 
• 
• 
~~':-i-;t;.--. 
• 
• 
-60 -50 -40 
• • F~ ._._. 
._._._.!.._._._._._._._._.-
• 
• 
• _._.-._._.-.-.-.-
.-.-.-_.-.- . A.:..:-:4:':-.:._-'4----- --------- • 
-30 -20 -10 o 10 20 
(19) 
FIG. 5. Temperature dependence of the relative intensities for the D radical P
,2, PJ2, and P42• The simulated curves are obtained with the following diffusion 
model and the parameters: (a) the normal diffusion process, (b) model I with Dc = Dm.J8 and rc = 12.4 A, and (c) model 2 with Dh = Dm.JI5, rh 
= 1.2 A, D, = Dmac/5, r, = 11 A, and rq = 1.2 A. The values of J., and r" are 10" S-I and 8 A, respectively, for all the cases. 
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is the Laplace transform of P a (t). Here we need just the 
limiting value of Pa (t) as t--+ 00, 
Pa = lim Pa (t) = lim sPa (s). (20) 
t- 00 $-0 
Here we treat the case of the high field approximation 
(H = 3300 G), where only the mixing of S and To is impor-
tant. The corresponding matrix elements arepss,psr.,'Pr.,s, 
and Pr.,r.,' As has been described by Monchick and Adrian, 29 
the time development of the density matrix of any two-level 
system can be represented by a Bloch-type equation. The 
stochastic-Liouville equation [Eq. (12)] is conveniently 
rearranged into a simple form of secular Po, and vector p, 
Po = r(pss + Pr.,r.,)' (21a) 
( 
Psr., + Pr.,s ) ~x) 
p = r - i(psr., - Pr.,s) = Py . 
Pss - Pr.,r., z 
(21b) 
These quantities obey the following relations: 
ap a2 
atO = D' ar Po, (22a) 
ap =D a2p +0 (22b) at ar xp, 
where 
( 
0 - 2J(r) 0 ) 
o = - ~(r) 2~ 2~. (23) 
This form of the equation has the merit that all variables can 
be treated as real ones. It is noted that the x component of p, 
p x' corresponds to the electron spin polarization, 
Pa = -lim s roo rpx dr. (24) 
s-O Jo 
Employing a finite-difference technique in r which ranges 
fromd torN' we can solve Eq. (12) andobtainpx under the 
initial condition that the reaction occurs in the triplet state; 
(;:~~~)=( ~ ), 
\;z(O) -113 
(25) 
where a factor of 113 implies equally distributed populations 
of T + I' To, and T -I levels.30 
We can now qualitatively summarize the CIDEP devel-
opment process. From Eqs. (22) and (23) one obtains non-
zero Px in two steps. First, there is a singlet-triplet mixing 
via Q in the region where J(r) =0, giving rise to a nonzero 
component of py • Then the process is completed by the effect 
of J(r) when the radicals are so close that J(r»> Q. It is in 
this region wherepx acquires its magnitude. This is the reen-
counter mechanism proposed by Adrian, which can be sche-
matically expressed as 
via Q via J( r) 
pz --+ Py --+ Px' (26) 
J(r)=O J(r»Q 
The first encounter, however, becomes important in a high 
viscous solution, in which the radicals pass very slowly 
through the region of J(r) =Q. In this region the vector p is 
affected by J(r) and Q simultaneously; 
via Q via J( r) 
pz --+ Py --+ Px' 
J(r)=Q J(r)=Q 
(27) 
4. Calculation and result 
We first explain the parameters and the conditions used 
in this calculation. As for the mixing of S-To due to the spin 
interactions, we consider only the first-order hyperfine inter-
action due t-o the methyl protons (A = 20 G). We use the 
Stokes-Einstein equation to estimate the mutual diffusion 
constant 
D =Da +Db 
= 2 X kT 131T'Tfd, (28) 
where the viscosity of i-propanol is given by 
Tf = 4.47 X 104 exp(2532/n Cp31 and hydrodynamic diam-
eter d is estimated to be 3.5 A from the experimentally ob-
tained value of D.32 We have found that satisfactorily con-
vergent solutions are obtained when rN is chosen to be 
greater than about 550 A, and we fixed rN to this value in 
most calculations. This result is consistent with those of Pe-
dersen and Freed21 against which we checked our calcula-
tion. Perfect agreements were obtained between their results 
and ours. Peq ( - 1) is given by the thermal equilibrium pop-
ulation difference between the a and (3 electron spin states 
and the degeneracy of the nuclear spin states of 15/64 g{3 HI 
kT. 
We first perform the calculation with changing Jo from 
109 s-I to 1015 S-I and rex from 4 to 16 A. Several calculated 
results are shown in Figs. 3 and 4. As seen from the figure the 
calculated values of PSr.,M( -1)IPeq ( -1) are much 
smaller than those experimentally observed. P Sr.,M ( - 1) I 
Peq ( - 1) sensitively depends on the choices of rex and Jo. 
Calculated PI2 agrees well with the experimental values at 
room temperature. With decreasing temperature, the agree-
ment becomes somewhat poorer, the calculated values be-
coming smaller compared with the experimental values. 
Such a tendency is almost independent of the exchange inter-
action parameters. We have also considered an alternate 
form of J(r) for the purpose of comparison, although the 
exponential form was predicted to be appropriate for neutral 
radical pairs by Adrian. 14 We choose the following function 
asJ(r): 
J(r) = Jo' (d Ir)n (29) 
with n = 6 and 12.21.33 We calculated the values of 
PSr.,M( - 1)IPeq ( - 1) andPI2 usingJo = 1013 S-I and the 
normal diffusion process. Neither form yields satisfactory 
results for both quantities. On the basis of these calculations 
we conclude that the normal diffusion model cannot repro-
duce the observed values of P Sr.,M ( - 1) I P eq ( - 1). 
We next consider modification of the diffusion model. 
As discussed in the later part of this paper, the radical pairs 
exist as stable entities at very low temperatures. This fact 
seems to suggest that microscopic solvent structures like 
clusters develop and hold the radical pairs at very low tem-
peratures. Then it may be reasonable to consider that similar 
solvent structures exist and the diffusion of the radicals in 
the pair is a much slower process than that expected from the 
macroscopic diffusion constant. We try to test two modified 
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diffusion models which presuppose the existence of micro-
scopic solvent structures. In the first model we assume that 
the diffusion process of the radicals in the pair is suppressed 
within a sphere shell of a diameter of rc as depicted in Fig. 6. 
Here Dc is the diffusion constant of the radical in the sphere 
and Dmac is the macroscopically obtained value given by Eq. 
(28). This model is consistent with the conclusion reached 
in the recent work on the magnetic field effect of the benzo-
phenone ketyl radical in glycerol by Levin et al. 13 We refer to 
this model as "model 1." In the other model, "model 2," two 
potential wells are assumed to exist in the regions where 
J(r) ~QandJ(r) =Qas illustrated in Fig. 6. Potential weIll 
represents a strong attractive force between the radicals of 
the pair. Such a potential may exist in the present system 
because of the hydrogen bonding between the radicals. Well 
2 corresponds to a shell of a microscopic solvent structure in 
which the radicals stay together for a longer time. A larger 
polarization may be expected by adopting these models from 
an intuitive consideration based on the schemes given by 
Eqs. (26) and (27). Performing the simulation for the two 
models, the best simulated curves are obtained as shown in 
Figs. 3 and 7. In the simulation J(r) is taken to be the expo-
nential form with Jo of 1013 s - I and rex of 8 A. The param-
eters used here are as follows: Dc = DmaJ8 and rc = 12.4 A 
for model 1, and Dh = Dmac /15, rh = 1.2 A, Ds = Dmac/5, 
rs = 11 A, and rq = 1.2 A for model 2. Both models repro-
duce the large values of P ST"M ( - 1) 1 Peq ( - 1) below 0 ·C 
and the rise of P12 at low temperatures (Fig. 3), which the 
normal diffusion model failed to explain. Reasonably good 
results are obtained when DmaJ5 <Dc < DmaJ15 and 9 
A < rc < 12 A for model 1. As for model 2, PST"M ( - 1)1 
Peq ( - 1) and P12 are strongly dependent on the parameters 
for weIll (Dh and rh) and well 2 (Ds' rs, and rq). Dh should 
be about Dmac /15. rh depends on Dh • To obtain satisfactory 
D (0) model I 
1 
1 
1 
Dmac ------}----------------.-----------1 
1 
1 
1 
1 
I 
1 
rc 
Dc ------.~-------' 
D (b) model 2 
1 
1 
1 
Dmac -----+--.-------r 
1 
1 rs 
1 ~ ~ 
Ds -----~--- ------------'"-
1 
1 q, ------1 
1 
1 
I 
o 
(d) 
r 
FIG. 6. Illustration of (a) model I and (b) model 2. 
"2 
1.6 
1.5 
1.4 
-80 -70 -60 -50 -40 -30 -20 -10 0 10 20 Trc 
FIG. 7. The simulated curves for P 12 by using (a) model I with Dc = Dmacl 
8 and rc = 12.4 A and (b) model 2 with D" = Dmacll5, rh = 1.2 A, D, 
= Dmac/5, r, = II A, rq = 1.2 A. The values of J() and r<, are 10" S-I and 
8 A, respectively, for both cases. (a) --- and (b) -. 
agreements the parameters for well 2 should be in the follow-
ing ranges. DmaJ5 <Ds <DmaJ15, 10 A < rs < 12 A, and 1 
A<rq <4A. The temperature dependence of P12 is sensi-
tively affected by the choice of r" which demonstrates the 
already mentioned fact that CIDEP via the first encounter 
develops in the narrow region where J(r) =Q, which is lo-
cated at about r = 11 A, in this case. These parameters, espe-
cially rs , depend on the choice of J(r), Jo, and rex' The opti-
mum values for Jo = 1014 S-I and rex = 6 A are as follows; 
Dc = Dmac/lOand rc = 11.6 A for model 1 andDh = DmaJ 
18, rh = 1.2 A, Ds = Dmac/5, rs = 10 A, and rq = 1.2 A for 
model 2. Using the two models, the relative intensities for the 
D radical are also explained reasonably well, as shown in 
Fig. 5. 
Although these models are very crude, the success in 
reproducing the values of PST"M ( - 1)1 Peq ( - 1) and P12 at 
lower temperatures seems to indicate the validity of the basic 
assumption of the models, slow diffusion of the radicals in 
the microstructure. Levin et al. suggested that the cage in 
glycerol at room temperature has a diameter of not more 
than a few molecules and the diffusion constant in the cage is 
1 order of magnitude smaller than that predicted by the 
Stokes-Einstein equation. 13 The optimum values of Dc and 
rc in model 1 in this work are close to theirs. The radicals in 
the pair must stay in the microstructure during a period in 
which the electron polarization of the radical develops. The 
rate determining step of the polarization development pro-
cess is the mixing step via Q, whose magnitude is on the order 
of 20 G in this case. The time for the development of the 
polarization is regarded as the inverse of the interaction,21 
namely about the order of 10 ns in this case. The transient 
micro structure has to retain its form in this period. As seen 
from the simulation curves, model 1 and 2 overestimate the 
experimental values of PST"M( - 1)IPeq ( - 1) at room 
temperature. This may mean that the microstructure is more 
easily destroyed at higher temperatures because of the vigor-
ous thermal fluctuation of the solvent molecules. 
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C. Radical pair 
In this section we focus our attention on the spectrum of 
the radical pair which is observed together with the separat-
ed radical spectrum at very low temperatures ( < - - 70 
and < - - 65 ·C for the Hand D radicals. respectively). 
and discuss the dynamical behavior of the radical pair such 
as the rotation and the diffusion. 
1. Linewidth and decay 
We first make a qualitative discussion about the 
linewidth and the time profile of the radical pair signal. As 
was pointed out in previous papers, 18.19 the linewidths of the 
hyperfine lines of the radical pair spectrum seriously depend 
on M[. compared with those of the separated radical. The 
dependence is considered to be mainly due to the anisotro-
pies of the hyperfine interactions which are incompletely 
averaged by a slow rotational motion in a viscous solution. 34 
The fact that the M[ dependence is much weaker in the spec-
trum of the D-pair supports this argument. The M[ depen-
dence of the linewidth is expressed as 
t::.w(M[) =A + B'M[ + C·M;. (30) 
HereA. B. and C depend on the anisotropies of the magnetic 
parameters and 
BandC<X1"c' (31) 
where 1" c is the rotational correlation time. We obtained the 
linewidths of the H radical pair spectrum by subtracting the 
contribution of the separated radical from the observed spec-
trum. The values of the Band C terms obtained from the 
simulation for the separated radical and the radical pair are 
listed in Table II. Since the uncertainty in the C term is larger 
than that in the B term, we compare theB term ofthe radical 
pair with that of the separated radical to make a rough esti-
mate of the ratio of 1" c; 
?cPlrcR~lO. (32) 
Although we cannot determine an accurate ratio of 1" c be-
cause of the difficulty in obtaining the terms exactly, espe-
cially of the separated radical, it seems evident that the rota-
tional motion of the radical pair is strongly suppressed in 
comparison with that of the separated radical. This means 
that the radical pairs exist in a more rigid environment than 
the separated radicals. 
We next discuss the time profile of the radical pair sig-
nal. As described in the previous paper,19 the decay of the 
signal of the radical pair is different from that ofthe separat-
ed radical. The decay of the transient EPR signal at a later 
time ( > -1.5/-ls) under a low microwave power follows a 
single exponential. 19, Since at very low temperatures there 
TABLE II. Values of A, B, and C terms obtained from the simulation of the 
pair spectrum at - 87 ·C. 
Separated radical 
Radical pair 
A(G) 
1.44 
2.45 
B(G) 
0.055 
0.62 
C(G) 
0.032 
0.69 
are two contributions to the signal due to the radical pair and 
the separated radical, the time profile of the transient signal 
is fit by a sum of two exponentials and a constant term, 
I(t) = I RP exp( - k RP '1) + ISR exp( - kSR ·t) + Ieq' 
(33) 
where I RP ' I sR , and Ieq denote the signal intensities due to 
the radical pair, the polarized separated radical, and the 
thermal equilibrium population. kSR and kRP are the decay 
rate constan ts of the signals of the separated radical and the 
radical pair, respectively. We show representative simula-
tion curves for the Hand D radicals at - 79 ·C in Fig. 8. The 
obtained rate constants are the following: kRP = 1.8 X 106 
and kSR = 0.4 X 106 S-I for the H radical and k RP = 0.55 
X 106 and kSR = 0.29 X 106 S-I for the D radical. It is noted 
that kRP for the D radical is much smaller than that for the H 
radical. kSR is almost equal to the inverse of TI of the sepa-
rated radical ( T~R), 19 but there are two factors which deter-
mine kRP : the spin-lattice relaxation of the radical pair and 
the lifetime of the radical pair. The lifetime corresponds to 
the inverse of the rate at which the radicals comprising the 
pair diffuse apart. The fact that the Hand D radicals have 
very different values of kRP suggests that the main part of the 
decay is determined by the spin-lattice relaxation process 
(T~p) of the pair signal. From this fact we conclude that the 
lifetime of the pair must be longer than k Rpi of the D pair, 
that is - 2 /-ls below 79 .c. Therefore, it is likely that at 
very low temperatures long-lived microscopic solvent struc-
tures develop to trap the radical pair for a few microseconds. 
2. Radical pair spectrum 
Next, we try to simulate the spectrum of the radical pair, 
giving our attention to the intensity and the line shape of the 
o 5 10 15 20 25 t/~ 
FIG. 8. Time evolutions of the absorptive components of the 0 peak of (a) 
the H radical and (b) the D radical at - 79 ·C. 
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spectrum. In order to make a more quantitative discussion 
about the pair spectrum, we have to consider the distribution 
of the separation of the radicals comprising the pair because 
the actual pair spectrum consists of an assembly of the con-
tributions ofthe radical pairs with different J(r) values. 
In order to obtain the distribution of the radicals, we 
numerically solve the diffusion equation by discretizing time 
t and separation r between the radicals, and employing the 
Cranck-Nicholson implicit integration scheme 
ap(r,t)/t = Da 2p/ar. (34) 
We next integrate the pair spectrum over the distribution of 
the separation. We use the exponential form of J(r) with the 
previously obtained parameters. As for the spectrum of the 
separated radical, we use the experimentally obtained rela-
tive intensities of the spectrum and P ST"M ( - 1) / Peq ( - 1). 
First, we perform the simulation for the D radical at 
- 86 ·C using the normal diffusion model. As shown in Fig. 
9, the calculated intensities of the spectra are two or three 
orders of magnitUdes smaller than the observed ones, and 
the line shapes are not in good agreement. Next, we make use 
4.0 
0.0 
-4.0 
xHr2 
1,6 
0.0 
-1.6 
-60 
-6 -4 
-40 -20 
(a) 
(b) 
(e) 
o 4 8 IG (d) 
o 20 40 
FIG. 9. The simulated spectra for (a) the separated radical and (b) the 
radical pair of the D radical using the normal diffusion process at - 86 ·C. 
The simulated spectra by model 3 for (c) the D radical with N = 30%, r m 
= 11 A, and r, = I A and (d) the H radical with N = 40%, rm = 11 A, 
andr, = I A. 
c: 
o 
:a 
1 
o 
Q. 
a. normal diffusion 
-87'C 0.8JJs 
b. model 1 -87"C 0.8JJs 
Dc = Dmac/10 
rc=lOA 
c.model 
o 10 , ... , 20 30 
FIG. 10. The calculated distributions of the separation between the radicals 
at - 87'C and 0.8Jls after the formation by Eq. (34) using (a) the normal 
diffusion process and (b) model 1 with Dc = Dm.cllO and rc = 10 A. (c) 
Distribution of the radicals used to calculate the spectra in Figs. 9 (c) and 
9(d). 
of the modified diffusion models described in the previous 
section and simulate the observed spectrum by changing the 
parameters. The improvement over the normal diffusion 
models is not satisfactory regarding the intensities or the line 
shapes. The distributions of r for the normal diffusion and 
model 1 at - 87 ·C are depicted in Fig. 10. 
The failure to simulate the observed spectrum by these 
models suggests that the radical comprising the pair must be 
concentrated in a narrow region as in a micelle. 16 We there-
fore adopt a model, that N percentage of the whole radicals 
remains to be in pairs in a sphere shell of a diameter of r m and 
a thickness of r, (Fig. 10). The best simulated spectrum for 
the D radical is obtained when N = 30%, r m = 11 A, and r, 
= 1 A (Fig. 9). In the simulation theMf dependence of the 
linewidths is included. We also obtain the following opti-
mum values for the H radical pair spectrum at - 87 ·C (Fig. 
9); N = 40%, r m = 11 A, r, = 1 A, which are almost equal 
to the values for the D radical. These simulated spectra re-
produce the general features of the spectra reasonably well. 
The parameter N determines the absolute intensity of the 
simulated spectrum. The intensity and the line shape of the 
simulated spectrum sensitively depend on the values of r m 
and r" especially r m' A relatively well simulated spectrum is 
obtained when r m and r, range from 11 and to 12 A and 1 to 2 
A, respectively. Of course, the appropriate values of N, r m' 
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and r, are dependent on the parameters of the exchange in-
teraction, Jo and rex. WeobtainN = 40%, r m = 10 A, andr, 
= 1 A, whenJo = 1014 S-1 and rex = 6 A. 
The present model is of course very crude and a smooth 
distribution around r m should be considered to be more real-
istic. In fact, at very low temperatures a broad background 
signal always appears in the spectrum, which may be due to 
the radical pairs with smaller separations and larger J(r). 
Nevertheless, the success of the present model in reproduc-
ing the observed spectrum indicates that the radical pair re-
sponsible for the pair EPR spectrum has a rather well de-
fined configuration. Combining this result with the results of 
the analyses of the linewidth and decay, we conclude that 
this radical pair stays in a relatively rigid solvent structure 
for a few microseconds. This radical pair should be distin-
guished from that responsible for producing the polarization 
of the separated radical. The radicals in the latter pair have 
to stay together only on the order of 10 ns to produce the 
polarization of the separated radicals. The microscopic sol-
vent structure invoked to explain the polarization of the sep-
arated radical in the preceding section is of less rigid nature 
than considered here. 
FIG. 11. CIDEPspectraof (a) 2-butanone in i-propanol at - 85 'C, (b) c-
heptanone in i-propanol at - 85 'C, and (c) c-pentanone in c-pentanol at 
-42'C. 
(0) (CH3)2CO I TNPA 
-72·C 
(b) -SS-C 
(c) (CD3hCOITEA -88-C 
FIG. 12. CIDEP spectra of (a) acetone in tri-n-propylamine at - 72 'C 
and (b) - 88 'C and (c) acetone-d. in triethylamine at - 88 'c. 
D. Other systems 
The analysis of the CIDEP spectra of acetone in i-pro-
panol discussed so far clearly indicates that the polarization 
of the separated radicals as well as the pair spectrum are 
intimately related to the microscopic solvent structures. 
Therefore, we have studied other related systems to see the 
system dependence of the CIDEP spectra. 
,. Aliphatic carbonyls in alcohols 
In Fig. 11 we show the CIDEP spectra of other several 
aliphatic carbonyls in i-propanol and other alcohols at very 
low temperatures. Similar to the case of acetone/i-propanol, 
all the spectra provide the E * / A patterns, showing the exis-
tence of the contribution of ST _ 1M due to high viscosity of 
the solution. 18 The distortions of the peaks due to the radical 
pair spectra are also observed for all the systems, though the 
extent of the distortion depends on the system. For example, 
the cyclopentanone/cyclopentanol system shows the spec-
trum with less distortion, while the cycloheptanone/i-pro-
panol system shows peaks heavily distorted by the pair spec-
trum. This difference is probably due to the dependence of 
the exchange parameters, Jo and rex' and the population pa-
rameters at very low temperatures, N, r m' and r, on the sys-
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tem. We can safely conclude that the radical pair spectra can 
be observed in most alcohol solutions at very low tempera-
tures. 
2. Acetone /n am/nes 
In order to see whether or not the radical pair spectra 
are observed in other systems, we have examined the acetone 
ketyl radical in other viscous solutions at very low tempera-
tures. The spectra of the acetone ketyl radical in amines at 
very low temperatures are very different from those in alco-
hols.35 Figure 12 shows the spectrum of the acetone/tri-n-
propylamine system at - 72 and - 88 ·C. The observed 
radicals are (CH3hCOH and (CH3CH2CH2)2N 
(CHCH2CH3), which are generated by the hydrogen ab-
straction reaction of acetone from the amine. The signals of 
the radicals from the amines are very weak since they spread 
over wide regions of the spectra owing to many hyperfine 
splittings. All the spectra show E· / A patterns similar to 
those in alcohols. This indicates that the viscosity of the solu-
tion is high enough to produce the polarization due to S-T _ 1 
mixing. It is notable, however, that no distortions of the 
peaks were observed. Even in the spectrum of the deuterated 
ketyl radical in triethylamine, where the pair spectrum 
should have a relatively strong intensity, we could not ob-
serve any trace of the pair at - 88 ·C [Fig. 12(b)]. This fact 
indicates that the radicals of the pair do not stay together for 
as a long time as in alcohols. Therefore, we conclude that the 
observation of the radical pair spectrum is characteristic to 
the alcohol solutions at very low temperatures. As for the 
separated radical, we could not make any quantitative analy-
ses of CIDEP in a way similar to that in the acetone/i-pro-
panol system because of a poor S / N ratio of the separated 
radical spectrum. 
IV. CONCLUSIONS 
We have attempted to clarify the nature of the radical 
pair of the acetone ketyl radical in i-propanol by analyzing 
CIDEP of the separated radical and the spectrum of the 
radical pair. The results suggest the existence of the micro-
scopic solvent structures in which the motions of the radicals 
are suppressed. At low temperatures the structures have to 
have lifetimes of more than 10 ns. At very low temperatures 
( < - - 70 ·C) some of the structures remain for a few mi-
croseconds, trapping the radical pairs whose EPR spectra 
are directly observed. From the comparison with the other 
alcohol and amine systems, it is concluded that the presence 
of the long-lived radical pair is characteristic of alcohols at 
very low tempertures. In these systems the solvent molecules 
and the radicals would construct the microscopic structures 
through hydrogen bondings, which remarkably suppress the 
diffusional and rotational motions of the radicals of the 
pairs. 
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